INTRODUCTION
The pleotropic effects of insulin are initiated upon its binding to its receptor, which is ubiquitously expressed in mammalian cells. Insulin receptor-binding activates the tyrosine kinase activity of its ␤-subunit, which then phosphorylates a number of intracellular substrates initiating activation of the phosphoinositide-3 kinase (PI-3K) and Ras-mitogen-activated protein kinase (MAPK) signaling pathways [1] [2] [3] [4] . Activation of PI-3K is necessary for many of the effects of insulin, including the protein kinase cascade involving Akt. Ras can also activate PI-3K through direct interaction with its p110 catalytic subunit. PI-3K functions in many cellular responses, including the regulation of transcription, mitogenesis, and programmed cell death [4] . Insulin is an anabolic hormone, which greatly enhances global protein synthesis. This insulin-induced, accelerated protein synthesis requires a balance between polypeptide synthesis and proper protein folding in the endoplasmic reticulum (ER). Any compromise in this balance would result in the accumulation of unfolded proteins in the ER causing ER "stress". Mammalian cells protect themselves from such ER stress by triggering an unfolded protein response (UPR), which coordinates a broad down-regulation of protein synthesis with increased expression of various gene products including ER resident molecular chaperones that promote protein folding and degradation of unfolded proteins (see refs. [5] [6] [7] [8] [9] [10] [11] [12] and references therein). UPR can also lead to the arrest of cell growth, and chronic ER stress leads to cell death (refs. [5] [6] [7] [8] [9] [10] [11] [12] and references therein).
Physiological conditions that induce UPR caused by protein misfolding include the differentiation and development of professional secretory cells, altered metabolic conditions, mutations in the genes encoding secretory or transmembrane proteins, and infection by certain pathogens (see ref. [5] and references therein). UPR can also be induced experimentally, such as by inhibition of NH 2 -linked glycosylation in the ER, depletion of ER calcium stores, and reductive stress [5] [6] [7] [8] [9] [10] [11] [12] . Three ER resident transmembrane proteins have been identified as the proximal sensors of the presence of ER stress. These are pancreatic ER kinase (PERK), endonuclease inositol requiring-1 (IRE1␣ and -␤), and the basic leucine zipper transcription factor activating transcription factor 6 (ATF6␣ and -␤) [5] [6] [7] [8] [9] [10] [11] [12] . Under ER stress, IRE1 and PERK undergo homodimerization, autophosphorylation, and activation. Accumulation of unfolded proteins in the ER lumen leads to the transit of ATF6 to the Golgi complex, where it is cleaved into an active transcription factor [13] . The effect of the activation of these molecules is twofold. There is an up-regulation of the genes encoding ER resident chaperones and proteins involved in ER-associated protein degradation. Concomitantly, there is a down-regulation of protein synthesis and reduced influx of nascent proteins into the ER [5] [6] [7] [8] [9] [10] [11] [12] [13] . UPR is an adaptive response, which progresses through a series of strictly controlled steps to alleviate the problem of unfolded proteins. The activation of all three protein components of UPR depends on their dissociation from 78 kDa glucose response protein (GRP78) [5] , which is a calcium-binding chaperone protein with cell-protective properties [13] [14] [15] . Overexpression and antisense approaches in cell systems show that GRP78 can protect against cell death caused by disturbance of ER homeostasis. Cellular stress results in an induction of not only GRP78 but also other coordinately regulated genes [5, 13] . Thus, GRP78 has been used as a biomarker of ER stress. In this study, we addressed the question of whether exposure of peritoneal macrophages causes ER stress as a result of insulininduced, accelerated global protein synthesis and whether activation of UPR occurs to protect these cells from such adverse effects. We evaluated insulin-induced, physiological ER stress and UPR by studies of GRP78, various components of UPR, and insulin-induced antiapoptotic pathway activation.
MATERIALS AND METHODS

Materials
The sources of cell culture and Western blotting materials have been described previously [16 -18] . GRP78 protein and antibodies against GRP78 were procured from Stressgen Bioreagents, (Victoria, BC, Canada). Antibodies against X-box-binding protein (XBP)-1, growth arrest and DNA damage (GADD)34, GADD153, and 14-3-3 were obtained from Santa Cruz Biotechnology (CA 
Cell culture
Thioglycollate-elicited peritoneal macrophages were obtained from pathogenfree, 6-week-old c57BL/6 mice (National Cancer Institute, Frederick, MD) in Hanks' balanced salt solution (HBSS) containing 10 mM HEPES, pH 7.4, and 3.5 mM NaHCO 3 (HHBSS) at 4°C. The cell suspension was centrifuged at 800 g for 5 min at 4°C. The pellet was washed once with chilled HHBSS and suspended in a volume of RPMI-1640 medium containing 2 mM glutamine, penicillin (12.5 units/ml), streptomycin (6.5 g/ml), and 5% fetal bovine serum (FBS). Cells were plated and incubated for 2 h at 37°C in a humidified CO 2 (5%) incubator. The monolayers were washed with HHBSS three times to remove nonadherent cells, and monolayers were incubated overnight at 37°C in the above RPMI medium before study.
Measurement of the effects of insulin concentration and incubation time on GRP78 mRNA and GRP78 protein levels Macrophages incubated overnight (4ϫ10 6 cells/well in six-well plates) were washed with HHBSS, and a volume of RPMI-1640 medium containing the additions listed above was added. To one set of duplicate plates, increasing concentrations of insulin (0 -40 nM) were added to the respective wells, and cells were incubated for 120 min at 37°C as above. To the second set of duplicate plates, 10 nM insulin was added to each well, and the cells were incubated for varying periods of time (0 -180 min) as above. The reactions were terminated by aspirating the medium. The monolayers in both sets were washed once with the above RPMI-1640 medium followed by the addition of a volume of the same medium. One plate from each duplicate set was processed for mRNA determination, and the other was processed for Western blotting. Total RNA was extracted by a single-step method using an RNeasy mini kit (Qiagen, Chatsworth, CA), according to the manufacturer's instructions. Total RNA was reverse-transcribed with 1 g RNA in a 20-l reaction mixture, using Molony murine leukemia virus reverse transcriptase (200 units) and oligo(dt) as the primer for 1 h at 42°C. The resulting cDNA (5 l) was used as a template, and a 225-base pair (bp) segment of the GRP78 cDNA was amplified using a 17-mer upstream primer (5Ј-CCACTTGGGCTATAGCA-3Ј), identical to positions corresponding to amino acids 332-338, and a 16-mer downstream primer (5Ј-ACCGCCTGACACCTGA-3Ј), complimentary to position 253-259 of the amino acids encoded in the GRP78 mRNA. A 302-bp segment of mouse ␤-actin (constitutive internal control) cDNA was coamplified using a set of polymerase chain reaction (PCR) primers provided in an R&D Systems kit (Minneapolis, MN). Amplification was carried out in a Techne thermal cycler PHC for 28 cycles (one cycle: 94°C for 45 s, 60°C for 45 s, and 72°C for 45 s). PCR products were analyzed on a 1.2% (w/v) agarose/ethidium bromide gel, which was photographed, and the intensity of the individual GRP78 and ␤-actin mRNA bands was quantified using a Storm 860 Phosphorimager (Molecular Dynamics, marketed by Amersham Biosciences, Piscataway, NJ). Monolayers to be processed for Western blotting of GRP78 protein were lysed in a volume of lysis buffer containing 20 mM Tris-HCl (pH 8.6), 0.1 M NaCl, 1 mM EDTA, 50 mM NaF, 30 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 g/ml leupeptin, and 0.5% Nonidet for 10 min on ice. DNA strands were broken by passing the lysate through a 27-gauge needle and a syringe several times. The lysate was centrifuged at 800 g for 5 min at 4°C to remove cell debris. The supernatants were transferred to clean tubes, and their protein contents were determined [19] . Equal amounts of all lysate protein were used for electrophoresis as described previously [16 -18] . Proteins from the gels (10%) were transferred to Hybond P membrane (Amersham Biosciences) and immunoblotted with antibody against GRP78, according to the manufacturer's instructions. GRP78 protein bands on the membrane were visualized by enhanced chemifluorescence (ECF) (Amersham Biosciences) and quantified using a Storm 860 Phosphorimager (Amersham Biosciences). In preliminary, parallel experiments, under identical experimental conditions, the effect of time of incubation of cells with tunicamycin was also examined. The detection of GRP78 by Western blotting and quantification by ECF were performed as described above. All blots were reprobed for actin as a control.
Measurement of the effects of incubation time of cells with insulin on XBP-1, GADD153, and GADD34
Macrophages incubated overnight (4ϫ10 6 cells/well in six-well plates) were washed with HHBSS and a volume of RPMI-1640 medium containing the additions listed. Insulin (10 nM) was added to cells, and the cells were incubated for varying periods of time (0 -180 min) as above. The reactions were terminated by aspirating the medium. The monolayers were washed once with the RPMI-1640 medium followed by the addition of a volume of lysis buffer containing 20 mM Tris-HCl (pH 8.6), 0.1 M NaCl, 1 mM EDTA, 50 mM NaF, 30 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, 20 g/ml leupeptin, and 0.5% Nonidet for 10 min on ice. DNA strands were broken by passing the lysate through a 27-gauge needle and a syringe several times. The lysate was centrifuged at 800 g for 5 min at 4°C to remove cell debris. The supernatants were transferred to clean tubes, and their protein contents were determined [19] . Equal amounts of all lysate protein were used for electrophoresis as described previously. Proteins from the gels (10%) were transferred to Hybond P membrane (Amersham Biosciences) and immunoblotted with antibody against XBP-1 and GADD153 or GADD34, respectively, according to the manufacturer's instructions. XBP-1 and GADD protein bands on the membrane were visualized by ECF (Amersham Biosciences) and quantified as described above.
Measurements of signaling components and their activation in macrophages
Western blotting was used to measure proteins and/or their phosphorylation. PDK1, ERK1/2, p38 MAPK, PI-3K, JNK, Akt, p70 s6k, CREB, PERK, eIF2␣, FKHR, 14-3-3, GSK3␣/␤, XIAP, and Bcl-2 were all studied. For PI-3K, phosphorylation of the regulatory subunit was studied. For Akt, phosphorylation at Thr 308 and Ser 473 was investigated. Macrophages incubated overnight (4ϫ10 6 cells/well in six-well plates) in RPMI-1640 medium, supplemented with 5% FBS, 2 mM glutamine, penicillin (12.5 units/ml), and streptomycin (6.5 g/ml) in the respective wells, were exposed to buffer or insulin (10 nM/120 min). The reactions were terminated by aspirating the medium and lysing the cells in lysis buffer as described above. Other details of Western blotting and quantification of the respective protein bands on the membranes were as described above.
Determination of the effect of modulating insulin-induced, downstream signaling on the expression of GRP78 protein, p-PERK, and Bcl-2
Macrophages incubated overnight (4ϫ10 6 cells/well in six-well plates) in RPMI-1640 medium supplemented with 5% FBS, 2 mM glutamine, penicillin (12.5 units/ml), and streptomycin (6.5 g/ml) in the respective wells were exposed to one of the following: buffer; insulin (10 nM/120 min); PD 98059 (50 M/120 min) then insulin (10 nM/120 min); SB203580 (15 M/20 min) then insulin (10 nM/120 min); LY294002 (15 M/20 min) then insulin (10 nM/120 min); and wortmannin (30 nM/30 min) then insulin (10 nM/120 min) [16 -18] . The reactions were terminated at the end of the incubations by aspirating the medium and adding a volume of lysis buffer. Other details of electrophoresis, immunoblotting, and ECF visualization of immunoblots were identical to those described in the preceding sections. The respective membranes were reprobed for unphosphorylated eIF2␣ and for actin, according to the manufacturer's instructions.
RESULTS
Effect of insulin on GRP78 mRNA and protein levels in macrophages
Transcription of the ER chaperone GRP78 is a classical marker of UPR activation in mammalian cells. To assess the induction of UPR as a result of increased global protein synthesis, we quantified the levels of GRP78 in cells exposed to physiological concentrations of insulin. The response was compared with that of cells exposed to tunicamycin, an agent routinely used to induce ER stress and UPR. Increasing insulin concentration and incubation time elevated GRP78 mRNA levels (Fig. 1, A and B) . The effects of increasing insulin concentration and varying the incubation time on GRP78 mRNA nearly paralleled the effects on GRP78 protein levels ( Fig. 1, C and G) . In preliminary experiments, we compared the levels of insulin-induced up-regulation of GRP78 with GRP78 levels induced by tunicamycin (2.5 g/ml). The kinetics of GRP78 expression in cells exposed to insulin compares fairly well with GRP78 expression in cells exposed to tunicamycin (Fig. 1E) . These results suggest that like tunicamycin, which has been widely used as an ER inducer, insulin also elevates the levels of GRP78, a biomarker of ER stress and UPR (Fig.  1E) . Therefore, in the following series of experiments, we have studied the effects of insulin only.
Effects of insulin on XBP-1 protein in macrophages
In the following series of experiments, we analyzed the various components of UPR signaling. UPR is up-regulated by the ER transmembrane proteins IRE1, PERK, and ATF6. The kinase and RNase activities of mammalian IRE1␣/␤ are generated in response to the accumulation of unfolded proteins in the ER. The mRNA that encodes XBP-1, which interacts with the mammalian ER stress-response element, is the substrate for IRE1␣/␤. On activation of UPR, IRE1␣/␤ cleaves XBP-1 mRNA to yield a potent transcriptional activator [5] [6] [7] [8] [9] [10] [11] [12] [13] . Transcription of XBP-1 is activated directly by UPR as well as by cleaved forms of ATF6, establishing a linkage between IRE1␣/␤ and ATF6 signaling to induce XBP-1 transcription and mRNA splicing [5] [6] [7] [8] [9] [10] [11] [12] [13] . The consequence of such an effect is that an increase in XBP-1 provides positive feedback for UPR activation. Physiological concentrations of insulin caused a transitory increase in XBP-1, which was maximal at ϳ30 min Table 1 ). and declined after longer periods of incubation ( Fig. 1I and Table 1 ).
Insulin activates PERK and eIF2␣
All ER stresses that activate the transcriptional components of UPR also transiently attenuate protein synthesis, a response that is coupled to phosphorylation of PERK and eIF2␣. We next determined levels of p-PERK and p-eIF2␣ and unphosphorylated eIF2␣ in cells exposed to insulin (10 nM) for varying periods of time ( Fig. 2 and Table 1) . Insulin-exposed cells demonstrated an approximate twofold increase in the levels of p-PERK ( Fig. 2A and Table 1 ). The maximal effect of insulin was seen after 30 -60 min exposure and declined at longer periods of incubation ( Fig. 2A and Table 1 ). Insulin exposure also elevated the levels of p-eIF2␣ between 30 min and 60 min of incubation, which declined on longer periods of incubation (Fig. 2C) . Thus, it can be inferred that PERK-eIF2␣ signaling in insulin-treated cells permits an early recovery of protein synthesis.
Insulin up-regulates GADD34
GADD34 is a member of the DNA damage and growth arrestinducible gene family. Up-regulation of GADD34 requires the activation of PERK. GADD34 associates with protein phosphatase 1, which dephosphorylates eIF2␣, and GADD34 is required for the robust expression of ER chaperones in response to ER stress. To understand the role of GADD34 in recovery from attenuated protein synthesis induced by phosphorylation of eIF2␣, we determined the levels of GADD34 protein by Western blotting (Fig. 3A and Table 1 ). In insulin-exposed cells, the maximal expression of GADD34 occurred at 30 min of incubation but returned to basal values thereafter. These results suggest a rapid recovery from translational attenuation in insulin-induced ER stress.
Expression of GADD153 in cells treated with insulin
We next examined the effect of insulin treatment on the expression of proapoptotic GADD153. Insulin-induced expression of GADD153 was modest compared with that of GADD34 (Fig. 3C) . These results indicate that insulin does not cause a major increase in the expression of proapoptotic GADD153 under our experimental conditions, unlike pharmacological inducers of ER stress [5] [6] [7] [8] [9] [10] [11] [12] .
PI-3K/Akt and MAPK signaling is involved in insulin-induced expression of PERK activation
One of the roles of UPR in ER stress is to protect cells from apoptosis. This is achieved by eliciting prosurvival and antiapoptotic signals. One of the best-characterized signaling cascades involved in these events is the PI-3K pathway. Binding of insulin to its cell-surface receptor activates PI-3K, which generates phosphatidylinositol [3] [4] [5] -triphosphate and phosphatidylinositol [3, 4] -bisphosphate. These phospholipids re- Effect of time of incubation with insulin (10 nM) on the protein levels of GRP78, XBP-1, p-PERK, p-IF2␣, eIF2␣, GADD34, and GADD153 in macrophages. The values are expressed in arbitrary units and are mean Ϯ SE from three to five individual experiments. Representative immunoblots of respective components are shown in Figures 1, C and I, 2, A, C, and D, and 3, A and C. a Values that are significantly different at 5% levels from vehicle-treated controls. ; and (E) actin for p-eIF2␣. Three to four immunoblots from as many experiments were used for quantification of protein levels by phosphorimager (see Table 1 ).
Fig. 3. Representative immunoblots showing the effect of incubating macrophages with insulin on the protein levels of: (A) GADD34 and (C) GADD153. (B and D)
Respective actin protein-loading controls are shown. Three to four immunoblots from as many experiments were used for quantification of protein levels by phosphorimager (see Table 1 ). Figure 4 . Insulin treatment of cells elevated phosphorylation at both residues. Insulin treatment of cells increased PDK1 expression and the phosphorylation of protein levels of ERK1/2, p38 MAPK, the 85 kDa regulatory subunit of PI-3K, and p70 s6k by several-fold compared with buffer-treated controls (Fig. 4A) . However, the largest increase, nine-to 12-fold, was observed in the activation of JNK and Akt. Increases in p-PERK were also greatly reduced by genestein, PD98059, SB204583, LY294002, and wortmannin ( Fig. 4B and Table 2 ), suggesting the possible role of MAPK and PI-3K in the activation of PERK under ER stress. Activation of PERK requires its phosphorylation. However, the protein kinase(s) involved in PERK phosphorylation has not been identified. As inhibition of the activation of MAPK and PI-3K signaling reduced the levels of p-PERK, it is concluded that the kinases of these signaling cascades participate in the activation of PERK directly or indirectly. These data also suggest that PERK is activated by upstream signaling events.
Phosphorylation of FKHR in insulin-exposed cells
Akt regulates cell survival by directly phosphorylating components of the cell death apparatus; namely, Bad, caspase 9, and forkhead family members such as FKHR [20] . Phosphorylation of FKHR by activated Akt promotes its export from the nucleus to the cytosol and thus prevents FKHR interaction with DNA and up-regulation of transcription factors involved in the apoptotic pathway [21, 22] . FKHR also interacts with the 14-3-3 protein, which serves to localize the p-FKHR in the cytoplasm [23, 24] . Binding of 14-3-3 to p-FKHR also facilitates nuclear export of FKHR in insulin-treated cells [21] [22] [23] [24] . Insulin treatment of cells profoundly elevated the levels of phosphorylated FKHR at 30 -60 min post-insulin treatment, and it declined on longer periods of incubation ( Fig. 5 and Table 3 ). Insulin also elevated the levels of 14-3-3 protein, thereby showing its role in regulation of FKHR localization (Fig. 5) . These results show that the prosurvival effects of insulin are mediated by Akt, which phosphorylates nuclear FKHR and thus prevents FKHR-mediated expression of proapoptotic genes under our experimental conditions.
Inhibition of GSK3 in cells exposed to insulin
GSK3␣/␤ is a serine/threonine kinase, which phosphorylates glycogen synthase, causing its inactivation [25, 26] . Phosphorylation of GSK3␣ at Ser 21 and GSK3␤ at Ser 9 by several kinases including Akt, protein kinase A (PKA), PKC, and p70 s6k results in its inactivation. We have assayed the levels of p-GSK3␤ in cells treated with insulin to understand the part played by GSK3␣/␤ in cell survival under our experimental conditions ( Fig. 5 and Table 3 ). Exposure of cells to insulin caused maximal phosphorylation of GSK3␤ at a 60-to 180-min period, which remained elevated up to 3 h of incubation ( Table 2 ). The lanes are: (1) buffer; (2) Effect of inhibitors of MAPK and PI-3K on the protein levels of p-PERK and p-Bcl-2 in macrophages treated with insulin (10 nM/120 min). Values are expressed as arbitrary units and are mean Ϯ SE from three to four individual experiments. Representative immunoblots of respective components are shown in Figs. 4A and 6C . a Values that are significantly different at 5% levels from vehicle-treated controls.
b Values that are significantly different at 5% level from insulin-treated cells. 5 and Table 3 ). The results suggest an Akt-mediated inactivation of GSK3␣/␤ to prevent it from activating apoptotic pathways.
Effect of insulin on XIAP
IAP is a family of proteins that regulates cell death (ref. [27] and references therein). XIAP blocks mitochondrial-and death receptor-mediated pathways of apoptosis by binding directly to and inhibiting initiator and effector caspases. In this study, we have determined the levels of XIAP in insulin-treated cells to understand its antiapoptotic role in insulin-induced ER stress ( Fig. 5 and Table 3 ). Exposure of cells to insulin elevated the levels of XIAP, suggesting the antiapoptotic role of XIAP proteins in insulin-induced ER stress and recovery from it through UPR (Fig. 5 and Table 3 ).
Insulin-induced activation of CREB and Bcl-2
Up-regulation of Bcl-2 expression has been identified as a critical mechanism for promotion of cell survival. The promoter region of the antiapoptotic factor Bcl-2 contains a cAMP response element site, and the transcription factor CREB, when activated, is a positive regulator of Bcl-2 [28, 29] . Akt has been shown to activate CREB. Activation of CREB is also PI-3K-dependent; thus, insulin should up-regulate Bcl-2 activation, and indeed, this is correct. Insulin caused a maximal increase in the levels of p-CREB at ϳ30 min of incubation, which persisted 2-3 h (Fig. 6 and Table 3 ). Exposure of cells to 10 nM insulin for 2 h elevated the levels of p-Bcl-2 by approximately twofold compared with buffer-treated cells ( Fig. 6 and Table 2 ). Pretreatment of cells with SB203580, LY294002, H-89, or PD98059, the inhibitors of p38 MAPK, PI-3K, PKA, and ERK1/2, respectively, before insulin exposure drastically reduced insulin-induced, elevated levels of Bc1-2 ( Fig. 6 and Table 2 ). These studies demonstrate that CREB is not only involved in insulin-induced GRP78 expression but also activates Bcl-2, an event correlated with protection against apoptosis.
A schematic representation of the activation of UPR by ER stress induced by insulin is depicted in Figure 7 .
DISCUSSION
The salient observations of this study are that treatment of peritoneal macrophages with insulin results in the induction of ER stress, as evidenced by elevated expression of GRP78; the cells protect themselves against adverse effects of ER stress by triggering UPR, as evidenced by elevated expression of XBP1, actin, used as a protein-loading control for 14-3-3; (E) GSK3␣/␤; (F) actin protein-loading control for GSK3␣/␤; (G) XIAP; (H) actin protein-loading control for XIAP. Three immunoblots from as many experiments were used for quantification of protein levels by phosphorimager (see Table 3 ). Tables 2 and 3). p-PERK, p-eIF2␣, and GADD34; and cells also protect themselves by elevating the expression of antiapoptopic cascades, as evidenced by Bcl-2, p-FKHR, GSK3␣/␤, XIAP, and p-CREB at Ser 133 . The exposure of eukaryotic cells to pharmacological agents such as tunicamycin as well as certain pathophysiological conditions causes perturbations in ER functions, which generate ER stress (see refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] ). Mammalian cells protect themselves from many effects of ER stress by triggering UPR [5] [6] [7] [8] [9] [10] [11] [12] [13] . As unfolded proteins accumulate, UPR coordinates a broad down-regulation of protein synthesis with increased expression of various gene products including ER resident molecular chaperones that promote protein folding. The homology displayed among lumenal domains of PERK, IRE1␣, and IRE1␤ suggests that they use a similar mechanism to transduce ER stress. IRE1␣ may sense the levels of free GRP78 in the ER so that in the absence of unfolded proteins, GRP78 binds to IRE1 and prevents its oligomerization and subsequent activation. On accumulation of unfolded proteins in the ER, GRP78 oligomers dissociate and trigger. Recent reports demonstrate that activation of UPR can be induced in normal, cellular, developmental processes, which increase the demand on the protein-folding capacity of the ER [30 -32] . Activation of major components of UPR such as XBP-1, GRP78, GRP94, and ATF6␣ occurs in antibody-secreting plasma cells [30 -36] . Stimulation of splenocytes with lipopolysaccharide resulted in the expression of XBP-1 [30 -33] . Such stimulation in B cells also results in the synthesis of GRP78 and GRP94 [35, 36] . However, the mechanism of activation of UPR in antibodysynthesizing cells is different than that induced by agents such as tunicamycin, as there was minimal expression of proapoptotic GADD153 [30] . Here, we demonstrate that physiological concentrations of insulin induce ER stress and activate UPR in peritoneal macrophages with minimal expression of proapoptopic GADD153, which suggests that under these conditions, the major function of UPR is the protection of cells from apoptotic processes.
The protective effect of UPR against ER stress in insulintreated cells is supplemented by the activation of the PI-3K and MAPK signaling cascades induced upon binding of insulin to its receptors on the cell surface. Binding of insulin to cell-surface receptors results in the alterations in the expression of many genes for cellular growth, differentiation, and proliferation [37] . A series of genes has been identified that controls developmental cell death. Bcl-2 is the prototype for a large family of structurally related proteins that regulates cell death in mammalian cells [20] . Some of these proteins, such as Bcl-2 and Bcl-XL, promote cell survival, whereas other proteins, such as Bax and Bad, promote cell death. Akt affects its antiapoptotic activity by phosphorylating Bad [38] . The promoter region of the antiapoptotic factor Bcl-2 contains a cAMP response element site, and the transcription factor CREB, when activated by multiple kinases, is a positive regulator of Bcl-2 [28, 29] . Elevated expression of activated CREB and Bcl-2 in insulin-treated macrophages suggests their involvement in cell survival under the experimental conditions. The effect of insulin on cellular growth, differentiation, and proliferation is mediated by its downstream effector Akt. Severalfold increases in the activation of JNK and Akt phosphorylated at Ser 473 in cells exposed to insulin demonstrate that insulinactivated PI-3K/Akt downstream signaling plays a critical antiapoptotic and survival role in insulin-induced ER stress and UPR. Akt may promote cell survival by directly phosphorylating transcription factors that control the expression of pro-and antiapoptotic genes, namely members of the forkhead transcription factors. In some cell types, Akt increases the expression of the antiapoptotic gene Bcl-2. Induction of Bcl-2 promoter activity by insulin-growth factor 1 occurs via the Akt pathway and involves CREB, which is phosphorylated directly by Akt. This phosphorylation increases binding of CREB to accessory proteins necessary for induction of genes containing CRE elements in their promoter region [39, 40] . Akt also phosphorylates inhibitor of B and thus promotes its degradation and consequently, the translocation of nuclear factor (NF)-B to the nucleus, where it activates the prosurvival gene IAP [20, 39, 40] . NF-B is involved in the regulation of cell proliferation, apoptosis, and survival by a wide range of cytokines and growth factors. Akt also promotes survival by directly phosphorylating regulators of the apoptotic cascade. Stress-activated protein kinases such as JNK are critically involved in the induction of apoptosis following exposure of cells to ionizing radiation, heat shock, or osmotic stress [41] . Akt phosphorylates and inactivates apoptosis signal-regulating kinase-1, a kinase that transduces stress signals through the JNK and p38 MAPK pathways and thus inhibits apoptosis [42] . In this report, we further show the requirement of MAPK and PI-3K/Akt signaling in the expression of components of the UPR signaling cascade, namely, GRP78, PERK, and Bcl-2.
In conclusion, we show that treatment of peritoneal macrophages with insulin (10 nM) triggers ER stress as a result of an imbalance between protein synthesis and protein-folding capacity of ER. The system senses ER stress through its ER stress sensors and initiates UPR signaling by activating IRE1 and PERK to protect cells from the adverse effects of ER stress. Concomitantly, signaling downstream to receptor ligation protects cells from apoptosis by up-regulating the PI-3K/ Akt/CREB signaling pathways.
